INTRODUCTION
. Usually, mutations in the gene encoding MC1R present in mammals carrying dominant alleles of the extension locus result in an active receptor associated with black color, whereas mutations that cause loss in receptor function are associated with recessive alleles and red-yellow color.
In chickens, the E locus has also been shown to correspond to the MC1R gene (Takeuchi et al., 1996a,b; Okimoto et al., 1999; Kerje et al., 2003) , although it is not clear which mutations are associated with each phenotype. The physical and the genetic mapping of the MC1R gene have been examined by Sazanov et al. (1998) , Okimoto et al. (1999) , and Kerje et al. (2003) , and this locus has been assigned to chromosome 11. In chickens, MC1R encodes a transmembrane protein that shares 64% identity with its counterpart in mammals. In populations that carry the E*E allele, Takeuchi et al. (1996a,b) found the same substitution in MC1R that has been reported in mouse with black color, and it seems that this mutation (Glu92Lys) leads an active receptor to produce eumelanin. Kerje et al. (2003) observed that this same mutation may be necessary to determine the extended black and the buttercup phenotypes in chickens, in addition to another different mutation in each one. Ling et al. (2003) characterized 6 polymorphic variants of the MC1R derived from different alleles of the E locus (E*E, E*R, E*WH, E*N, E*B, E*Y ) and observed that 3 of these variants (E*E, E*R, and E*B) share the mutation Glu92Lys, this mutation leading to receptor activity independent of the bound ligand. The E*WH allele does not correspond to a nonfunctional MC1R receptor (Ling et al., 2003) , which is different from what is known in mammals. Tixier-Boichard et al. (2006) found 8 polymorphic sites corresponding with 4 haplotypes in the coding region of MC1R, in lines with different plumage color (black, yellow, red, and white). Studies of genetic variation of the MC1R gene associated with different plumage color have also been reported in Chinese breeds. Yang et al. (2008) and Guo et al. (2010) observed abundant polymorphisms in the MC1R gene, some of which were associated with different phenotypes. Liu et al. (2010) , analyzing levels of expression of MC1R in a cross between chickens of black and white plumage color, observed that MC1R expression levels only were significantly different at 56 d of age but not at other ages.
This study aimed to investigate the effect of MC1R sequence on plumage color in chickens. The molecular characterization of the gene encoding MC1R was analyzed in Spanish breeds of chickens carrying 6 different alleles in the E locus (E*E, E*R, E*WH, E*N, E*B, E*BC), a recessive wheaten (yellowish-white) tester line (E*Y), and a White Leghorn population that is heterozygous E*E.
MATERIALS AND METHODS

Chickens
A total of 130 chickens (5 male and 5 female by population) were randomly selected from 11 Spanish chicken breeds (Campo, 1998) , a recessive wheaten (yellowish-white) tester line (E*Y; Smyth, 1990) , and a White Leghorn population (Campo and Jurado, 1982) . Twenty-four additional chickens (6 males and 6 females by population) were randomly selected from the Black Castellana and the Red Villafranquina breeds. The Spanish breeds carried different alleles at the E locus (Table 1) , whereas the White Leghorn was heterozygous E*E and carried an additional allele in this locus (Campo and Alonso, 2000) . The Spanish breeds included a synthetic population (Quail Castellana), originated from an F 2 cross between the Black Castellana and the Buff Prat breeds followed by 3 generations of selection for eumelanins in feather down color (Campo, 1991) , after which all chicks were completely black with a brown face. All these chicken breeds are maintained in a conservation program of genetic resources started in 1975, located at the experimental station of El Encín (Madrid, Spain), and they are used for quality production in free range systems. Pictures of all these populations can be found at http://www.inia.es. The effective population size ranged from 66 to 310 (Campo et al., 2002) , higher than the minimum size (50) required to avoid inbreeding depression in the short term.
DNA Isolation
Blood samples were collected by brachial venipuncture aseptically into tubes using EDTA as anticoagulant. Blood samples were stored at −20°C. Deoxyribonucleic acid was extracted from 40 µL of blood using resuspension buffer (0.1 M Tris-HCl, 0.01 M NaCl, 0.1 M EDTA, pH 8), lysis buffer (0.1 M Tris-HCl, 0.1 M EDTA, 0.01 NaCl, 1% SDS pH 8), 12.5 µL of proteinase K (20 mg/mL), 2 mL of 5 M NaCl, 6 mL isopropanol, and resuspension in Tris-EDTA. The DNA was quantified spectrophotometrically, and the concentration was adjusted to 60 ng/µL. 
Amplification and Sequencing of MC1R
The 1,056-bp fragment containing the 945-bp coding region of MC1R was amplified. The primers used to amplify and to sequence the coding region of the MC1R gene were designed with Primer3 software (Rozen and Skaletsky, 2000) on the basis of the available nucleotide sequence of the Red Jungle Fowl (Ling et al., 2003) . A pair of PCR primers: forward (MC1R-F1: 5′-TTTG-TAGGTGCTGCA GTTGTG-3′) and reverse (MC1R-R: 5′-CCATCCATCCATCCTCCTGTCTGT-3′) were used to amplify the MC1R gene. The PCR products were obtained in a total volume of 10 µL reaction, with 1 µL of DNA (60 ng/µL), 1 µM of forward and reverse primers, 1.5 mM MgCl 2 , 200 µM deoxynucleoside triphosphate, 5% DMSO (dimethyl sulfoxide), 1 M betaine, and 0.02 U/µL Taq polymerase. The amplification involved first denaturation at 94°C for 3 min, 30 cycles of denaturation at 94°C for 1 min, annealing at primerspecific temperature 58°C for 1 min, and extension at 72°C for 1 min, followed by final extension at 72°C for 10 min. The PCR amplification was detected by 1% agarose gels stained with 0.25 µg/mL of ethidium bromide.
The PCR products were purified using Ilustra ExoStar 1-step (General Electric Company) and sequenced with BigDye Terminator v3.1 (Secugen S.L.). Three sequencing primers, forward (MC1R-F1), reverse (MC1R-R), and a second forward primer (MC1R-F2: 5′-GGAC-CGCTACATCACCATCT-3′), were used to cover the entire MC1R coding region.
Analysis of MC1R
Sequences were edited with the CHROMAS 2.33 software (Technelysium Pty Ltd., South Brisbane, Australia) to identify heterozygous individuals. Then, they were aligned using the MEGA4 package (Tamura et al., 2007) . The SAS statistical package, FREQ procedure, was used to calculate the allele and genotype frequencies for data analysis with the chi-squared test (SAS Institute Inc., Cary, NC). The null hypothesis for the chi-squared test was that the frequency distribution of the 3 genotypes for each SNP was not associated with the alleles at the E locus. The polymorphism information content was estimated using FSTAT software (Goudet, 2001) . Estimated haplotypes were obtained by the Bayesian statistic method implemented in the PHASE 2.1 software (Stephens et al., 2001; Stephens and Scheet, 2005) .
RESULTS
SNP in the MC1R Gene
A total of 12 SNP were detected in the coding region of MC1R across all populations ( Table 2 ). The number of animals for each allele at the E locus is included in this table (for the E*WH allele, there were 2 pieces of missing data for the A427G SNP). Distribution of genotypic frequencies for each SNP is included in Table  2 . Results were significant for 11 SNP (at the 0.1% level for 10 SNP). Nine were nonsynonymous (T212C, G274A, G376A, T398AC, G409A, A427G, C637T, A644C, and G646A) corresponding to amino acid changes: Met72Thr, Glu92Lys, Val126Ile, Leu133Gl-nPro, Ala137Thr, Thr143Ala, Arg213Cys, His215Pro, and Val216Ile), and 2 were synonymous (C69T and C834T). All the SNP were biallelic, except the SNP at position T398AC, which had 3 nucleotides segregating. The linkage between the 2 polymorphisms at positions C69T and T212C is different in the E*B allele than in the other alleles that segregate those polymorphisms.
With respect to the significant SNP, 7 had an allelic frequency of 0.5 or greater for some of the alleles at the E locus (Table 3) . A low level (<0.2) of polymorphism was found for 2 SNP (T398AC and G409A), and a medium level (0.2-0.5) of polymorphism was found for the remaining 5 SNP. The significant SNP with allelic frequency of 0.5 or greater (the former 7 plus the T212C and G376A) observed for each population are also indicated in Table 3 . A medium level of polymorphism was found for these 2 additional SNP. All the populations carrying the E*E or E*R alleles, except the Birchen Leonesa, had the G274A polymorphism (Black Castellana, Black Menorca, White-faced Spanish, Black-barred Andaluza, Blue Leonesa, Blue Andaluza, and White Leghorn). Three of these populations (Black Castellana, White-faced Spanish, and Blue Andaluza) had 1 or 2 additional SNP.
MC1R Haplotypes
The MC1R haplotypes (Table 4) were made in the coding region of the MC1R gene with 7 of the significant SNP (C69T, T212C, G274A, T398AC, G409A, A427G, and C637T). There were 11 haplotypes, with frequency of 0.5 or greater in at least one population, compared with the haplotype of the Red Jungle Fowl (H0).
The frequency of haplotypes of the MC1R gene in the different alleles of the E locus are indicated in Table  5 . The number of haplotypes was maximum for the E*E allele and minimum for the E*N and E*Y alleles. The H1 haplotype was predominantly associated with the E*E and E*R alleles, and it was not found in the E*WH, E*N, E*B, and E*Y alleles. The H3 and H6 haplotypes were exclusively associated with the E*E and E*R alleles, respectively, whereas the H8 and H9 haplotypes were exclusively associated with the E*B allele. Finally, the H0, H7, H9, H10, and H11 haplotypes were predominantly associated with the E*N, E*WH, E*B, E*BC, and E*Y alleles, respectively.
The frequency of haplotypes of the MC1R gene in the 13 Spanish breeds, the tester line, and the White Leghorn population are also indicated in Table 5 . The number of haplotypes was greatest for the Black Menorca, Birchen Leonesa, and Blue Andaluza breeds, whereas the Quail Castellana and Red-barred Vasca breeds were monomorphic. The 3 breeds with extended black phenotype (Black Castellana, Black Menorca, and WhiteFaced Spanish) were associated predominantly with the H1 haplotype. The other 2 breeds with black pigment (Black-barred Andaluza and Birchen Leonesa) showed mainly the H4 and H5 haplotypes, respectively, whereas the 2 breeds with blue pigment (Blue Andaluza and Blue Leonesa) were mainly associated with the H4 and H1 haplotypes, respectively. The Black-breasted Red Andaluza and the Buff Prat showed mainly the H0 and H7 haplotypes, respectively, whereas these haplotypes were fixed in the Quail Castellana and the Red-barred Vasca. The most frequent haplotypes observed in the 2 remaining Spanish breeds (Red Villafranquina and White Prat) were the H9 and H10. Finally, the tester line and the White Leghorn population were associated with the H11 and H1 haplotypes, respectively.
DISCUSSION
In this study of the E locus at molecular level, in relation with the influence of the alleles at the E locus in the structure of the MC1R, we observed considerable genetic diversity at the MC1R locus: 12 SNP were detected, 11 being significant and 9 nonsynonymous (suggesting that selection has taken place on MC1R genotypes). Selection on MC1R alleles has been shown across galliform species by Nadeau et al. (2007) . In the current work, the E locus is defined according to the breed phenotype, but some similar phenotypes, particularly the black ones, may be associated with different SNP and exhibit variable frequencies of haplotypes. The MC1R should be affected by mutations associated with the individual alleles, if the MC1R gene encodes the E locus. Our data confirm this association with the 7 alleles at the E locus (E*E, E*R, E*WH, E*N, E*B, E*BC, E*Y). They also suggest that the plumage color traits are affected by the SNP variation in the MC1R gene. In agreement with this fact, Takeuchi et al. (1996b) found some variants of the MC1R gene associated with the E locus, proposing that they might be linked with feather pigmentation, whereas Okimoto et al. (1999) and Ellett and Okimoto (2000) indicated a close linkage between MC1R polymorphism and the E locus. Takeuchi et al. (1996a,b) found the Glu92Lys mutation in chickens that were homozygous for the E*E allele, and Kerje et al. (2003) found that the Glu92Lys substitution is the most likely causative mutation for the E*E allele. The Glu92Lys mutation appears mainly in our birds carrying the E*E allele, and consequently this mutation may be responsible of the activation of the receptor for eumelanin production. Additionally, the Met72Thr and the Arg213Cys mutations were observed by Takeuchi et al. (1996a,b) and Kerje et al. (2003) in birds carrying the E*E allele. These previous results suggested that the mutation Glu92Lys was not solely associated with the black phenotype. Our results suggest that the Glu92Lys sequence is necessary but not sufficient to express the extended black phenotype, because we find this mutation in the Red Villafranquina breed associated with other SNP. The Glu92Lys sequence can be modified or not by the barring (Black-barred Andaluza), blue (Blue Andaluza), or dominant white (White Leghorn) genes, all breeds carrying the Glu92Lys mutation without or with other additional sequences. This mutation had the highest polymorphism information content, which is favorable for the genetic improvement of relevant traits. Okimoto et al. (1999) , Ellett and Okimoto (2000) , Tixier-Boichard et al. (2000), and Ling et al. (2003) found the Glu92Lys mutation in breeds with the E*E allele, but also in those carrying E*R. Similarly, this mutation was predominant in our E*R birds. Ellett and Okimoto (2000) found that the E*R allele had the Glu92Lys mutation depending on the breed. They found that the E*R allele without Glu92Lys mutation was carrying the Leu133Gln substitution. Our results suggesting that the birchen phenotype has at least 2 different SNP associated with it. These 2 alleles may give 2 different phenotypes (black breasted or black breasted with lacing in white or gold), traditionally assigned to the effect of the Columbian restriction gene (Smyth, 1990) . The Leu133Gln substitution was not predominant in our study for the E*R birds, although almost all the E*R birds that were heterozygous for the SNP associated with this substitution were heterozygous for the SNP associated with the Glu92Lys substitution, and all the E*R birds that did not have the Glu92Lys substitution were homozygous for the SNP associated with the Leu133Gln polymorphism. This may indicate that Leu133Gln substitution, located in a highly conserved region at the third transmembrane domain of MC1R, could be involved in the production of a constitutively active receptor associated with the E*R allele.
Our results did not find the Glu92Lys mutation in chickens carrying the E*N allele, this mutation being necessary to maintain the receptor in an active conformation (Robbins et al., 1993) , in agreement with the results reported by Takeuchi et al. (1996b) Each SNP is associated with a given position in the protein: Asn23Asn, Met72Thr, Glu92Lys, Val126Ile, Leu133GlnPro, Ala137Thr, Thr143Ala, Arg213Cys, Asn278Asn.
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Identified by previous studies in Mendelian genetics. 3 This is also the genotype of the Red Jungle Fowl reference genome. found in our study for the E*N allele, and thus it is expected to have only minor phenotypic effect. Ellett and Okimoto (2000) found the Thr143Ala mutations in a breed with the E*N allele and in wheaten breeds (E*WH and E*Y). In agreement with this fact, our results indicate that the Quail Castellana breed is E*N and H0 haplotype, even though this breed is carrying the E*WH allele at the E locus (Campo and Orozco, 1986) . However, we found the Thr143Ala SNP in birds carrying the E*WH allele, but this mutation was not found in those with the E*Y allele, suggesting that dominant and recessive wheaten could differ in their sequence and their degree of Mendelian dominance. Besides, we found the Arg213Cys in birds carrying the E*Y allele, but this mutation was not found in birds carrying the E*WH allele, suggesting again the difference between dominant and recessive wheaten indicated above. Previous work did not support the Arg213Cys variant as being associated with the E*Y allele. As indicated before, Takeuchi et al. (1996b) , Ellett and Okimoto (2000) , and Kerje et al. (2003) identified this mutation in E*N lines and Red Jungle Fowl acces- Table 4 . Haplotypes (H1-H11) for 7 SNP 1 in the MC1R gene (with frequency of 0.5 or greater in at least one population), as compared as the H0 haplotype of the Red Jungle Fowl 
sions, although the Red Jungle Fowl utilized by Ling et al. (2003) did not have the Arg213Cys mutation. Takeuchi et al. (1996b) and Ellett and Okimoto (2000) did not observe the Arg213Cys mutation in E*Y birds, although they used as carriers of the E*Y allele the Nagoya, the Buff Menorca, and the Rhode Island Red breeds, instead of the recessive tester line utilized in our study. Although, Ellett and Okimoto (2000) associated the Thr143Ala mutation with restriction of black pigment in the feathers of wheaten birds, it is necessary to bear in mind that other nonextended black alleles in the E locus also produce a restriction in eumelanin.
On the other hand, it may be speculated that the Arg213Cys mutation of the E*Y birds may be the cause of the loss of function of the receptor to produce eumelanin, although the decrease in functional MC1R may be regulatory, most likely transcriptional regulation.
In agreement with the results of Okimoto et al. (1999) , Ellett and Okimoto (2000) , Ling et al. (2003) , and Tixier-Boichard et al. (2006) for the E*B allele, we found fixation of the Glu92Lys mutation in E*B birds. Ellett and Okimoto (2000) indicated that the E*B sequence also had the His215Pro substitution. The last result has not been obtained in our experiment. The His215Pro appeared only at low frequency in our E*B birds; they instead had the Ala137Thr mutation, suggesting that Ala137Thr may be a candidate to attenuate the Glu92Lys mutation, producing a brown instead of a black bird, because Ala137Thr is specific to the Red Villafranquina breed. It could be of interest that Ellett and Okimoto (2000) used the E*B tester line (Smyth, 1990) , whereas the origin of our E*B allele was the Red Villafranquina breed. Kerje et al. (2003) found that the E*BC allele shared the Glu92Lys and Met71Thr substitutions with the E*E allele. They also found a third nonsynonymous mutation (His215Pro) associated with the E*BC allele. In our study, we found another 3 different mutations (Leu133Pro, Thr143Ala, and Arg213Cys) instead of those reported by these authors.
The Ala137Thr mutation appears only in the H9 haplotype. This haplotype (the only new one) is that of the Red Villafranquina breed, and it has not been previously described, although Guo et al. (2010) included the Ala137Thr mutation in their study. New functional data would be very interesting on the Red Villafranquina breed to better characterize this haplotype. The distribution of MC1R haplotypes showed that each of them was predominantly associated with 1 allele at the E locus (exclusively for the H9 and the E*B allele). With respect to the number of haplotypes found in our study for MC1R, some breeds (Black-barred Andaluza, Black Menorca, Birchen Leonesa, and Blue Andaluza) were more polymorphic that others for the MC1R haplotypes.
The correspondences found in our study between the SNP in each breed and each allele showed that the Black Castellana, Black Menorca, White-faced Spanish, Black Barred Andaluza, and Blue Leonesa are associated with the E*E allele, whereas the Birchen Leonesa is associated with E*R and the Black-breasted Red Andaluza and the Quail Castellana are associated with E*N. Finally, the Buff Prat and the Red-barred Vasca are associated with E*WH, the Red Villafranquina with E*B, the White Prat with E*BC, and the tester line with E*Y. These correspondences are in agreement with the results obtained by Mendelian genetic analyses in previous work by our department, with the exception of the Blue Leonesa and the Quail Castellana, whose sequences were associated with E*E and E*N, instead of E*R and E*WH, respectively. This work investigated the different mutations responsible for the respective phenotype by sequencing of the coding region of the MC1R gene from 15 different populations displaying different plumage color, increasing the number of breeds and phenotypes analyzed for the E locus alleles. Our results, based on a large sample of sequenced individuals, indicate a significant correlation between MC1R polymorphism and the presence of different alleles at the E locus. This co-segregation of the E locus alleles and polymorphisms in the MC1R gene suggests that the E locus is equivalent to MC1R. The MC1R locus alone cannot explain all the variation in pigmentation, but it is necessary to know the genotypes at this locus to monitor feather color in a breed. On the other hand, the expression of MC1R can be different in chick down, juvenile, postjuvenile, and adult plumage colors.
